Introduction
The neutral theory of molecular evolution (Kimura, 1983) suggests that most molecular polymorphisms are influenced more by random drift than by selection.
Simple expectations can be constructed to predict the pattern of molecular genetic variation that should be observed when selection is absent. Because of the neutral theory of molecular evolution, the presence of many polymorphisms is now explained as a transient event. Gillespie (1984 Gillespie ( , 1986 , however, has demonstrated that the rates of evolution for many genes follow an episodic pattern. He suggests that the best way to explain this pattern of evolution is to invoke selection acting on the different sequence variants.
Polymorphisms that are shared between two or more related species also require a selective explanation for their presence. This phenomenon has been termed 'trans-species evolution' (Arden et a!., 1980; Klein, 1980; Arden & Klein, 1982) . These polymorphisms are inferred to have been present in the ancestor of these species and to have survived within both species throughout their divergence. Several recent papers have noted the presence of shared polymorphisms between species and have further demonReceived 15Apr11 1991 strated that these polymorphisms are molecularly identical. McConnell et a!. (1988) found that four of five Mus species shared a polymorphism for a SINE in the middle of an MHC class II gene intron. These species have been distinct for the last 3-4 million years. Sagai et a!. (1989) also found a polymorphism for the H-2K1
antigen shared within the genus Mus. Another MHC polymorphism was detected by Figueroa et al. (1988) which is even more ancient. This consists of a polymorphic deletion of two codons (separated by one undeleted codon) in exon 2 of the mouse H-2AB gene. They found that the deletion was variably present or absent in Mus m. domesticus, Mus m. musculus, Mus castaneus, Mus molossinus, Mus spretus, Mus hortulanus, and Rattus norvegicus. Again, the polymorphism extends over an estimated 10 million years since the divergence of the genus Mus from the genus Rattus.
menon must be more widespread than currently indicated. According to Parham et al. (1989) Thus, many other shared polymorphisms (when examined at the molecular level) may also be expected to share a single molecular ancestor.
There have been many reports of such 'similar' polymorphisms shared by several species. Perhaps one of the first cases noted in the literature was by von Dungern & Hirschfeld (1911) and Landsteiner & Miller (1925) (cited in Moor-Jankowski er a!., 1964). They found that the great apes (excluding gorillas) have an A-B-O blood group polymorphism with reactions that are 'indistinguishable' from those of humans. Hence, at least for the apes, there is a shared polymorphism where three alleles are maintained. In addition to the A-B-O blood group polymorphisms, other classical polymorphisms (such as M-N and Gm) appear to have close homologues in the great apes (Cavalli-Sforza & Bodmer, 1971 Fisher et al. (1939) also noted a shared polymorphism that illustrates another important aspect to this phenomenon. They tested the ability of apes to taste phenyl-thiocarbamide (PTC). In humans the frequency of PTC non-tasters is usually within the range of 25-30 per cent. When chimpanzees were tested they found that 26 per cent were incapable of tasting PTC. Thus, they found that not only do the two species share the same polymorphism but, in their sample of 27 chimpanzees, the frequency of the phenotypes are also the same. Chiarelli (1963) also found a PTC polymorphism within the great apes and with similar frequencies to man (chimpanzee 25 per cent, n = 81; gorilla 22 per cent, n= 18). The polymorphism also exists in orang-utans, gibbons, Old and New World monkeys and in lemurs. The lineages of gibbons and humans diverged approximately 15 million years ago. Fisher et a!. (1939) conclude that there must be strong balancing selection for this 'apparently valueless character' to maintain it for this length of time.
Ancient polymorphisms may also be present for geological time periods and can be observed, in the fossil record. Owen (1966) examined Limicolana martensiana fossils estimated to be 8,000-10,000 years old from the western region of Uganda. He found that these fossils have the same shell colour and patterns as living populations found in the same area. Gould (1988) has also found distinctive patterns of covariance of growth in the snail Cerion agassizi on different islands of the Bahamas. He shows that these patterns have been stable for at least 1.2 x 10 years. Again the suggestion is one of stable polymorphisms that last for millions of generations. Even after these long time periods the frequencies of each phenotype may remain relatively constant.
Many other examples of shared polymorphisms have been noted. In most species, however, these polymorphisms have not been well studied. Given that the MHC/HLA polymorphisms, when examined at the molecular level, were found to be identical, it would not be surprising to find that many of the other known examples turn out to be identically shared polymorphisms. These alleles must therefore have been inherited since the time of speciation.
It has been shown by Takahata & Nei (1990) that these polymorphisms require selection to explain their existence. The probability of observing this phenomenon for selectively neutral alleles is vanishingly small. Some form of balancing selection is required to maintain the polymorphism for long time periods. Takahata & Nei (1990) examined overdominant selection (with fitnesses of 1 for heterozygotes and (1 -s) for homozygotes) and frequency-dependent selection (with fitnesses of (1 -sx1) (1 -sx3) for genotype A1A, where x1 is the frequency of the ith allele). Both require strong levels of selection to maintain the polymorphisms. Takahata & Nei (1990) suggest that Ns> 1000.0 is required.
The results of Takahata & Nei (1990) are confirmed here. It is shown that neutral polymorphisms cannot survive for geological time periods and that to do so requires strong levels of selection. However, the above examples suggest that the phenomenon of trans-species evolution is very widespread, extends to many locus types and to species with even more ancient divergences than those noted for the MHC/HLA polymorphisms. The potential prevalance of this phenomenon requires careful examination of the conditions and prerequisites necessary for shared polymorphisms to evolve. It is confirmed here that strong selection is minimally required and shown that asymmetric allele frequencies require even stronger selection. Furthermore, it is shown that the strength of this selection is so great as to preclude many current estimates of effective population sizes. The possibility of If the ith random number is less than the frequency of allele A then the ith gene will be allele A, otherwise the ith gene is an a. New allele frequencies were then calculated. The allele frequencies were then changed deterministically according to the appropriate mutation rates and selection coefficients. These determined the new allele frequencies and complete a single generation. This process was then repeated for 10,000 generations. At predetermined intervals the populations were examined to determine (i) if both populations were still polymorphic (at the 95 per cent level), and (ii) to determine the allele frequency in one of the populations.
Results

Neutral alleles
The expected heterozygosity within one population is calculated in the Appendix for effective population sizes of Ne= 10, 10k, 10 and 106. The expected heterozygosity offers a rough measure of the amount of variation maintained within populations. It shows that the heterozygosity in populations that have diverged for t= 10, 106, 10 and 108 generations will have an appreciable value only when t Ne. Thus, the probability of picking two different alleles within one population is very small for all values of t when Ne = 1 0.
These results agree with the average time to fixation for an allele destined to be fixed at 4Ne generations. This considers only a single population, while for comparison with the observed phenomenon, two populations should be considered. Assuming that the two populations diverged independently of each other, the probability of joint heterozygosity in both populations will be much smaller (the square of the values). Thus it is very unlikely that any neutral polymorphisms could survive for millions of years. This confirms the results of Takahata & Nei (1990) and permits an explicit statement of the expected heterozygosity for such ancient polymorphisms.
Overdominant alleles Polymorphic alleles can be maintained for longer time periods with overdominant selection, however, this increase is very small if 4Ns 0.1 (s1 = s2 s). This is not a trivial amount of selection. If this selection was of a co-dominant, deleterious form rather than of an overdominant form, then the expected equilibrium frequency of an allele with these selection coefficients (4Ns0.1) would be E(x1)=0.475 rather than E(x1) 0.5. This level of selection can therefore cause significant allele frequency changes but is not sufficient to prevent random genetic drift from fixing alleles over long time periods. Simulations to examine larger selection levels give probabilities of joint polymorphism as shown in Table  1 . Again, if there is no selection (Table 1 a The overdominance in Table 1 is assumed to be symmetrical. To maintain an equilibrium allele frequency of 25 per cent (as in PTC), the overdominance must be asymmetrical. Robertson (1962) has shown that this asymmetry increases the effectiveness of drift and can in fact cause more rapid loss of alleles than is observed for neutral alleles.
Again with asymmetrical overdominance the same qualitative results are found. If there is no selection there is little (less than 1 in 200) chance of retaining a polymorphism in both populations when t> 4N.
When selection is included the results are similar to those in Table 1 except that the ability of selection to maintain the polymorphism has become much weaker. The probability of joint polymorphism in two populations is shown in Table 2 for alleles with an equilibrium frequency x1 = 0.75 rather than x1 0.5 (fitnesses of 1 -Si, 1, and 1 -s2) and with 4N(s1 + s2) = 100 or 1000. Even with 4N(s1 + 2) = 100 most polymorphisms are lost to random genetic drift. Only when selection becomes much stronger is the survival of the polymorphism assured (a 4Ns =1000 as suggested by Takahata & Nei, 1990) .
It is possible that frequency-dependent selection may be important in the maintenance of the MHC/HLA polymorphisms (and potentially the other polymorphisms as well). A model of frequency dependence was studied by Takahata & Nei (1990) with fitnesses of the A1A genotype as (1 -sx) (1 -sx) and where x1 is the frequency of the ith allele. They showed that this model of frequency dependence will give exactly the same results as overdominant selection as both models cause identical changes in allele frequencies (Ax1's).
There are many ways that selection can have a frequency-dependent form. Some of these may be less powerful at maintaining a polymorphism than overdominance and others may be more powerful. To determine the effects of other forms of frequency dependence a model of selection was chosen that had a large effect when alleles became rare. This is a model with fitnesses 1 +s1/(1 -xi), 1 +s1/(1 -xi), 1 +s2/x for genotypes A1A1, A1A2, and A2A2 respectively, where x2 is the frequency of A2 (Hedrick, 1983) . The results for this model are shown in Table 3 . To achieve an equilibrium frequency of 0.5 it is necessary to have s =3s2. The values in Table 3 are with 4N(s1 +s2)=0.l, 1.000±0.000
1.000 0.000 1.000 0.000 per cent of the simulations with 4N(s1 + s2)= 10 (Table 4) .
It is not surprising that this form of frequencydependent selection can maintain polymorphisms more easily than overdominant selection as the frequency-dependent selection becomes very strong as alleles become rare. It might be difficult to discern differences between the two forms of selection. One feature that may be useful is the variance of allele frequencies within populations. In all cases the selection needs to be very strong and there is generally little stochastic influence of finite population sizes. Thus when alleles are maintained over geological time periods the selection must act in essentially a deterministic fashion and there will be small variances in allele frequencies. This is illustrated by Fisher et a/?s (1939) observations on PTC. The allele frequency and its standard deviation within segregating populations is shown in Table 5 for Ne 1 0. The allele frequencies are sampled from one population at the indicated time and are considered only if the population is still segregating. Hence the standard deviation measures the variation expected between conceptually replicate populations that still retain the polymorphism. Because frequency-dependent selection does not gain strength until alleles become rare it can maintain alleles for longer time periods and with much greater variance in allele frequencies. For example, the standard deviation for symmetric overdominance with 4Ns = 100 is half that for frequency-dependent selection with 4Ns = 10, yet both can maintain the polymorphism. Obviously the variance will decrease with ever increasing levels of selection but the maintenance of the polymorphism can be assured and greater variances achieved by frequencydependent selection than by overdominance.
Other frequency-dependent models It has been shown by Denniston & Crow (1990) that different fitness models can yield the same allele frequency dynamics. The alternate fitness models are often frequency-dependent. Thus Takahata & Nei (1990) note that fitnesses (1 -sx1) (1 -sx3) for genotype A 1A, will give equivalent results to a model with overdominant fitnesses.
As illustrated by the previous frequency-dependent model, however, not all fitness models give identical dynamics. In fact, there are many ways that fitness can 
be made frequency-dependent. To examine some of these other models, further simulations were made. These used four frequency-dependent fitness models that have been widely studied (Wright, 1969; Jacquard, 1974; Spiess, 1977; Ewens, 1979) . These models,
including the previous models, are shown in Table 6 . Each of these fitness models has a selectively maintained polymorphic equilibrium.
For each model the amount of selection that was required to maintain a shared polymorphism 5 per cent of the time after t = 106 generations (Ne = 10) was determined by simulation. This amount of selection marks the border between maintaining and losing the polymorphism; a little less selection and the polymorphism is lost, a little more and the polymorphism has a good chance of being retained in both populations. For asymmetric overdominance (. = 0.25) sufficient selection occurs when 4NeS1 = 150, 4NeS2 = 50.
The relative amount of selection can be measured using a plot of the change in x versus x (Fig. 1 ) assum- The maximum selection coefficients examined were s,= 0.95, and yet at this level (with N= 100 in the simulations), neither model II nor model ifia could maintain the polymorphism. A plot of Ax versus x for each of these models is shown in Fig. 2 . This plot explains some of the behaviours of these fitness models. Model I has quite unusual dynamics because the fitness of genotypes tends to infinity as they become rare. Hence Ax is large even when x is small and this is quite a strong force to retain alleles in the population. Selection will drive fixation with x1 1 in model II whenever x1 > 0.5, and hence the inability to maintain polymorphisms. Model ha again has unusual dynamics and will not maintain polymorphisms even with much larger selection coefficients and population sizes. Models ilIb, IV and V all maintain the poly- 
Discussion
The phenomenon of shared polymorphisms implies that these alleles are extremely stable and have survived for millions of years. Because these polymorphisms share identical alleles at the molecular level, they cannot be explained by a simple neutral model (Takahata & Nei, 1990) . Most neutral polymorphisms are retained for only an average of 4Ne
generations.
More surprisingly, even with moderate selection actively maintaining the polymorphism, random genetic drift will still eventually eliminate the polymorphism in one of the species. This is, in part, due to the long time periods that characteristically separate two species. Only when selection becomes very strong is a shared polymorphism likely.
The strength of the selection implied is quite dramatic and yet many of these polymorphisms are of unknown selective value to their hosts. The M}IC and HLA polymorphisms are strongly implicated in disease resistance and hence speculation is that they may periodically be under strong selection. Actual observations and measurements of these selective events, however, is still largely lacking. Evidence for other loci is more equivocal. Even for the A-B-O polymorphism Cavalli-Sforza & Bodmer (1971) state that 'in spite of the enormous amount of published work aimed at uncovering the selective forces associated with the A-B-O polymorphism, no real understanding of such forces has yet emerged' (page 214). Similarly Fisher et a!. (1939) noted that the PTC polymorphism was an 'apparently valueless character'. The selection pressures on these polymorphisms should be much more apparent than current observations would suggest.
The results presented are conservative in several ways. All initial conditions were with the two alleles at their equilibrium frequency. At this frequency the loss of variation due to genetic drift will be maximally postponed. With more than two alleles and with unequal allele frequencies, random drift will more quickly fix one of the species. Mutations in both directions between alleles were permitted yet many of the molecular alleles are complicated changes that are unlikely to arise more than once by mutation and less likely to revert. The small mutation pressure acts to maintain the polymorphism longer than it would be in nature. No population bottlenecks have been considered associated with speciation, however many views of speciation would suggest that a severe reduction in numbers is associated with speciation. This would again increase the rate of fixation for species and forestall the active maintenance of polymorphisms due to selection.
These results have implications for the range of per- missable effective populations sizes. A collection of studies that have estimated the effective size of populations using genetic data is given in Table 7 . For comparison, an estimate of the effective population size of primitive man using extensive short-term demographic (but no genetic) information found Ne=650 (Wood, 1987) . The majority of these studies indicate an Ne less than a few thousand. The notable exception being the studies by Avise et al. (1988) . In their case, species were chosen based on their large census size and known high rates of historical gene flow. Even in this case, however, the effective sizes are up to 900-fold smaller than the census size. On the other hand, Nei & Graur (1984) used current levels of heterozygosity, estimates of generation length and estimates of neutral mutation rates to infer the effective population size of a wide range of species. Their estimates fall mostly in the range of i0-106 (with man at the low end of this scale and fruit flies at the high end). Hence, they note that an
Ns of 1000 does not require actual selection coeffi- Non-passerine birds Barrowclough & Shields, 1984 87 Passerine birds Barrowclough & Shields, 1984 30-200 Mammals Lande, 1979 40-300 Lower vertebrates Lande, 1979 Begon, 1977 400 Olivefruitfly Pollak, 1983 368 Bufo marinus Easteal, 1985 4286 Amerindian tribes Chakraborty & Neel, 1989 *The studies by Avise eta!. (1988) estimate female effective population size (these species were also chosen on the basis of their large census sizes and high rates of historical gene flow).
cients to be very large. Yet these estimates are much larger than those found in Table 7 . If the estimates in Table 7 are correct, this level of selection cannot be reached with strict overdominance. If Ne 10 then even an Ns as low as 100 implies s''0.1. This is very strong selection. Hence either the estimates of effective population sizes are incorrect or other forms of maintenance, such as frequency-dependent selection (with large advantages to rare genotypes), must be invoked.
One possible explanation, the effect of population subdivision, can probably be ruled out. All of the longterm estimates in Table 7 are explicitly estimates for the entire species and hence include the effects of population subdivision. In addition for the short-term estimates, unless migration is very rare, an estimate of local effective population size will equal that for the entire population. This is because Ne is the sum of the subpopulation sizes unless migration is very rare between some of the subpopulations (Ewens, 1979) .
The demonstration of stasis at the molecular level requires strong and effective selection to act on polymorphisms for geological time periods. The magnitude of this selection places limits on the range of long-term effective population sizes and on the causative selective agent. If very long-term effective population sizes are less than a few thousand, then overdominance cannot explain shared polymorphisms. While frequencydependent selection can still explain shared polymorphisms with small effective sizes, it must provide very large advantages to alleles when they are rare. At the levels indicated here, selection is strong enough to act deterministically and effectively curtails random drift. This is reflected in Table 5 ; if the polymorphism is maintained, the allele frequencies seldom vary from their equilibrium point. This lack of variance may be a way to distinguish between overdominance and frequency dependence. These results also suggest that shared polymorphisms should often show identical allele frequencies within different species as has been found by Fisher eta!. (1939) and Chiarelli (1963) . The variance of allele frequency for these shared, polymorphic alleles should be examined. Solutions to this equation are shown in Table Al . The [A8] solutions to these equations agree with the simulation results. Both demonstrate that for neutral alleles the expected heterozygosity will be very small after 4Ne or more generations. The strongest selection permitted by this linear solution is 4Ns =0.1. Even at this level of selection, however, the theoretical solutions and the simulations in has been pioneered by Takahata (1990) . 
